Abstract: An adaptive image restoration algorithm based on 2-D bilateral filtering has been proposed to enhance the signal-to-noise ratio (SNR) of the intrusion location for phasesensitive optical time domain reflectometry (Ф-OTDR) system. By converting the spatial and time information of the Ф-OTDR traces into 2-D image, the proposed 2-D bilateral filtering algorithm can smooth the noise and preserve the useful signal efficiently. To simplify the algorithm, a Lorentz spatial function is adopted to replace the original Gaussian function, which has higher practicability. Furthermore, an adaptive parameter setting method is developed according to the relation between the optimal gray level standard deviation and noise standard deviation, which is much faster and more robust for different types of signals. In the experiment, the SNR of location information has been improved over 14 dB without spatial resolution loss for a signal with original SNR of 6.43 dB in 27.6 km sensing fiber. The proposed method has the potential to precisely extract intrusion location from a harsh environment with strong background noise.
SNR Enhancement in Phase-Sensitive
OTDR with Adaptive 2-D Bilateral Filtering Algorithm
Introduction
Distributed fiber optical sensing (DOFS) technology has been intensively investigated and of great interest in many fields due to its unique properties of large monitoring range, fully distributed manner, accurate localization and low cost per monitored point [1] - [3] . Distributed fiber sensors can be realized based on Rayleigh scattering, spontaneous Raman scattering, and spontaneous or stimulated Brillouin scattering, etc. [4] - [7] . Among them, the phase-sensitive optical time domain reflectometry (Ф-OTDR) has attracted much attention recently because of fast response, high sensitivity, broadband response and multiple intrusions detection [8] - [12] . In particular, it can measure both the static (strain and temperature) and dynamic events (vibration and acoustic wave) with high precision [13] , [14] . Until now, Ф-OTDR has many field applications such as perimeter intrusion monitoring, seismic wave mapping and pipe line protection, etc. [15] , [16] . Therefore, high reliability and precision of the intrusion location are essential for the Ф-OTDR. Ф-OTDR adopts coherent laser source and exploits the interference within one pulse duration to produce the optical power traces [4] , [8] - [12] . Theoretically, the power traces remain constant unless the property of the sensing fiber changes. In practice, the coherent noise, white noise and environmental perturbation deteriorate the signal-to-noise ratio (SNR) of signal, which causes the nuisance alarm rate in intrusion detection system or the distortion of frequency recovering in acoustic wave sensing. Some schemes have been put forward to enhance the SNR and compensate the loss of transmission fiber for ultra-long distance monitoring including Brillouin amplification [17] , Raman amplification [18] and hybrid distributed amplification [19] . However, the Brillouin or Raman amplification is based on nonlinear effect, which requires very high optical power. High power pump laser sources are very expensive and need careful treatment in the experiment. Although these methods work well, they introduce too much complexity and cost of system. Meanwhile, signal processing methods have been demonstrated to remove noise efficiently without hardware change such as wavelet transform [20] - [22] and 2-D edge detection [23] . Recently, a 2-D image restoration has been demonstrated to greatly improve SNR in distributed optical fiber sensors including Brillouin optical time domain analysis (BOTDA) and Raman-distributed sensor systems [2] . This method can enhance SNR dramatically by exploiting the redundancies and correlations contained in the multidimensional signal (frequency, time, position). Nevertheless, it might be not suitable for Ф-OTDR system (which needs fast response for dynamic measurements) since it takes a lot of time and cannot realize real-time monitoring.
In this work, we propose and demonstrate an adaptive 2-D image processing method of bilateral filtering algorithm to enhance the SNR of vibration/intrusion location in Ф-OTDR. The algorithm is simplified by setting only one parameter (the gray level standard deviation σ R ). The suitable filtering window size has been discussed in the experiment. Besides, an adaptive procedure is developed to find the optimal parameter automatically then achieve the optimal SNR and realize precise localization. Through the two iterations of the proposed algorithm, over 14/8.5 dB SNR enhancement for a signal with original SNR of 6.43/5.14 dB has been achieved without any spatial resolution loss. In the experiment, the validity of proposed adaptive algorithm has been verified with the signals of different original SNR level.
Principle of 2-D Bilateral Filtering Algorithm
Bilateral filtering algorithm recovers the original signal through a weighted average method [24] - [27] . Assuming that the original signal containing noise is
The output signal is recovered with a normalized weighted average where the weights not only depend on a Gaussian function on the spatial location but on an intensity weight on the pixel difference [24] - [27] as well.
where i/j is the horizontal/vertical coordinate of pixel, m/n is the horizontal/vertical distance of the neighboring pixel to target pixel, the P is the half width of the neighborhood, and the W [i , j; m, n] is the weight coefficient, which is the product of geometric and radiometric weights.
The first weight measures the geometric distance between the center pixel [i , j] and the neighboring pixel [i + m, j + n]. The second weight measures the radiometric difference between the values of the center pixel Y [i,j] and the neighboring pixel Y[i + m, j + n]. They can be originally described as
where σ G and σ R are the geometric standard deviation and gray level standard deviation, respectively. In practice, it is difficult to simultaneously tune the values of σ G and σ R for achieving good performance. Considering the empirical study of σ R is more critical than σ G to achieve the optimal denoising performance [25] , we reduce the number of the underlying parameters by simplifying
The new geometric weight is a Lorentz function, which meets the condition of the geometric weight function explained in [27] . Obviously, W G is just determined by the distance but not related to the geometric standard deviation σ G . As such, the weight coefficient W G [i , j; m, n] is only decided by the gray level standard deviation σ R . That makes it more easily to use since there is only one parameter (σ R ) needed to be tuned.
For bilateral filtering algorithm, the optimal σ R (which achieves the best denoising performance) is related to the noise standard deviation [25] , from which we introduce an approach to adaptively determine σ R such that an adaptive 2-D bilateral filtering algorithm can be realized for the purpose of improving localization SNR.
Experimental Setup
The proposed system is shown in Fig. 1 , which integrates a coherent Ф-OTDR system (see our former work [29] ) with an adaptive 2-D bilateral filtering algorithm. A homemade fiber laser with narrow linewidth of ∼3 kHz was used as the light source to generate continuous wave (CW) light with center wavelength of 1550.09 nm and its output peak power was 20 mw. The CW light was divided into two paths through an optical fiber coupler. The upper path (90%) was modulated into optical pulse with width of 100 ns through an acoustic-optic modulator (AOM) which was controlled by an arbitrary function generator (AFG). In addition, The AOM introduced a frequency shift of 200 MHz. After amplifying and filtering by an Erbium-doped optical fire amplifier (EDFA) and a fiber Bragg grating (FBG) filter consecutively, the optical pulses probe light were launched into 27.6 km sensing fiber via an optical circulator with period of 0.3 ms. The backscattered Rayleigh signal was amplified and filtered by another EDFA and optical tunable filter (OTF), respectively. The lower path (10%) was used as local reference light, which is combined with the backscattered Rayleigh light after adjusting its intensity and polarization angle through a variable optical attenuator (VOA) and polarization controller (PC), respectively. The AC component of the beat frequency signal was detected by using a balanced photodetector (BPD) and it was split into two branches through a 3 dB power divider after being amplified and filtered with a low noise amplifier (LNA) and bandpass filter (BPF), respectively. The two signals interacted with each other at a mixer and the output signal from mixer was filtered by a lowpass filter (LPF) with cut-off frequency of 20 MHz. Finally, the demodulated signal was collected at a sampling rate of 100 MS/s using an oscilloscope and processed with the proposed adaptive 2-D bilateral filtering algorithm. 
Experimental Results and Discussions

Single Vibration Detection
We experimentally demonstrated vibration measurements with high localization SNR. The total length of the test fiber was 27.6 km and the single vibration was applied at the position of ∼26.87 km through a PZT with 1.5 m single mode fiber wounded. Since the data of a whole trace is too much to be illustrated clearly, only the data close to the vibration location are presented. Note that, all the traces were firstly subtracted the average trace before further processing. Three-dimensional images processing without and with the proposed method are illustrated in Fig. 2(a) and (b) , respectively. Compared to the original signal (see Fig. 2(a) ), there is a striking contrast between the vibration signal and background noise (see Fig. 2(b) ). That means more precise localization for the vibration can be realized with the proposed method. To evaluate the performance improvement, the conventional differential method has been adopted to calculate SNR of the location information (named by localization SNR), which subtracts every two adjacent rows of image and accumulates the absolute values to detect the location information [8] - [11] , [17] , [19] - [23] , as illustrated in Fig. 2(c) . Compared to the original signal (blue line), about 14.4 dB SNR enhancement was achieved after denoising with the proposed method (red line). Here, the SNR is calculated as the ratio between the signal peak intensity and the root-mean-square of the background noise intensity (10 * log 10(V p eak /RM S(V noi se ))) [17] , [19] - [23] . Fig. 2(d) shows the spatial resolutions and the width from 10% to 90% of the peak intensity are both 5 m (one point represents one meter since the sample rate is 100 MS/s). That means the proposed 2-D bilateral filtering algorithm can significantly improve the localization SNR, and does not damage system's spatial resolution as well.
To verify the performance of denoising and signal preservation, the signal without and with vibration are illustrated in Fig. 3 . As shown in Fig. 3(a) , the noise (without vibration being applied) at the position of 20 km and 26 km can be removed clearly. On the contrary, as shown in Fig. 3(b) , the signal at the vibration position (∼26.87 km) can be kept well except losing part of energy. That is in good agreement with the denoising theory due to the noise being removed. Besides, we normalize the original and the denoising signal to prove the property of signal preserving. As shown in Fig. 3(c) , the denoising signal is very similar to the original signal, which means the proposed method can preserve signal well. That is very useful for the signal feature extraction since it can remove the noise but not damage the real signal and it has high potential for working as the preprocessing in pattern recognition.
The filtering window size is a key parameter in the bilateral filtering algorithm. Generally, small window cannot effectively remove the noise and large window takes too much time [27] . We process the raw signal with different window size to obtain a suitable value and the results are illustrated in Fig. 4 . The localization curve and spatial resolution processing with different window size are shown in Fig. 4(a) and (b) , respectively. The localization SNR increases slowly after 20 (half width), but the processing time is proportional to the window size since larger window size has greater computational complexity. Fortunately, the spatial resolution remains unchanged when the window size increases. Considering the tradeoff between SNR and processing time, the optimal half width of the filtering window is ∼20 (full width is 41).
In image denoising, multiple iterations of the filtering algorithm is an effective method to achieve a better performance than one iteration [26] . Considering the tradeoff between the denoising performance and processing time, two iterations were adopted in this work. Besides, another important issue is how to realize adaptive filter under the condition of ensuring a high localization SNR. In this section, we will introduce the two iterations method and the adaptive filtering algorithm.
During the first iteration, the relation between localization SNR and the gray level standard deviation (σ R − 1) is shown in Fig. 5(a) . It is obvious that there is a maximal SNR as the σ R − 1 increasing and a peak SNR can be achieved when σ R − 1 equals to the optimal σ R − 1. Meanwhile, the optimal σ R is linearly proportional to the noise standard deviation (σ n ), which has been proved in [25] . To verify the linear relation, sixty vibrations were detected at different time and the relation of σ n and the corresponding optimal σ R − 1 are illustrated in Fig. 5(b) . The expression can be described as σ R − 1 = 2σ n + 0.05, which is in good agreement with the linear relation proved in [25] (σ R = k * σ n ) except for the offset. To prove the effectiveness of the two iterations, the second iteration was implemented after the first-iteration filtering. Similarly to the relation illustrated in Fig. 5(a) , a peak SNR appears as the σ R − 2 (the σ R used in second iteration) increasing, as shown in Fig. 5(c) . In addition, there is also a linear relation between the σ n and σ R − 2 but a different slope. To contrast the denoising performance, the peak SNRs of adopting one iteration (blue dot line) and two iterations (red dot line) are shown in Fig. 5(d) . Compared to the one iteration, there is over 8 dB SNR enhancement after adopting two iterations. That demonstrates the two-iteration method can further improve the localization SNR. Although the peak SNR shifts to the left after the second iteration, the expression (σ R − 1 = 2σ n + 0.05) can still be used to achieve a desired SNR due to there is only ∼1 dB difference at the two σ R − 1. Therefore, the adaptive filtering algorithm can be realized since the optimal σ R can be adaptively determined by the σ n according to the linear relation. In addition, the calculation method of σ n is as follows: 1) dividing the whole image as 10 × 10 patch; 2) calculating every patch's standard deviation; and 3) calculating the medium value to act as the noise standard deviation of the whole image. 
Comparison With Previous Methods
In this section, we compare the denoising performance with other 2-D image processing methods reported in [2] and [23] . Fig. 6 shows the results processing with different methods, where the blue curve is the original signal (ORG, with original SNR of 6.43 dB), the orange curve is the result of processing with the 2-D edge detection method (TED, using 4 × 4 matrix), and the red and green curves represent the results processing with nonlocal mean (NLM, full width of search window and similar window are 31 and 13, respectively) and bilateral filter (BLF, full width of the filtering window is 41), respectively. It must be noted that the matrix size used in TED [23] and the window sizes used in NLM [2] are both the optimal value (which gets the best performance) although the window sizes are different. As shown in Fig. 6(a) , the BLF method achieves optimal localization SNR among the three methods. Fig. 6(b) illustrates that the spatial resolution can be kept very well except the NLM method (red dot line) which broadens spatial resolution. Besides, the NLM method shifts the vibration location to right (∼2 m) and cannot locate vibration accurately. Fig. 6(c) presents the time-domain signal at vibration position and both the NLM and BLF methods maintain the signal well but TED method distorts the original signal.
In order to more clearly contrast the performance of the three methods, the comparison results are summarized in Table 1 . We compare the performance from processing time and denoising performance (including SNR improvement, spatial resolution, signal preservation and localization accuracy). Although the proposed method takes a little more processing time in comparison with the TED method, it gets extra SNR improvement over 13 dB and preserves the signal well. Compared to the NLM method, the proposed method takes much shorter processing time against the NLM method (about one-twelfth of the NLM method takes) and gets larger SNR gain of 7.57 dB. Therefore, considering the processing time and denoising performance simultaneously, the proposed method has the highest potential to realize the real-time monitoring by using fast DSP among the three methods. Note that, the algorithms we referred are illustrated in Table 1 , and all the results are calculated with same raw data and processed with same computer.
Dual Vibrations Measurement
Furthermore, two vibrations near the fiber's far-end have been measured to make sure the proposed algorithm is valid to multiple intrusions. Note that, to verify this method is also appropriate for weak vibrations, the applied two vibrations were set very weak. As shown in Fig. 7(a) and (b) , the noise close to the two vibration positions overwhelmed the two vibration signals. In contrast, the corresponding denoising results are illustrated in Fig. 7(c) and (d) , respectively. Clearly, there are enormous improvements in both positions in comparison with the original signals. Fig. 7 (e) shows their localization curves and the two signals both have large SNR enhancement over 8.5 dB. Due to the original SNR of the second vibration is less than the first one, the SNR improvement of the second vibration is also less than the first vibration. That is in good agreement with the theory of the bilateral filtering algorithm.
Conclusion
We have proposed and experimentally demonstrated a high localization SNR system for vibration measurement by integrating phase-sensitive Ф-OTDR with an adaptive 2-D bilateral filtering algorithm. By reducing the parameters, the proposed algorithm is simple to be implemented in real system. By twice iterating, a better performance has been obtained than the way only one iteration. In addition, we propose an adaptive approach according to the relation between the optimal SNR and the gray level standard deviation. With this new method, over 8.5 dB SNR enhancement has been achieved for a poor SNR signal without any hardware change along a 27.6 km sensing fiber. To be noteworthy, the SNR enhancement could be better (over 14 dB) if the signal has a little bit higher original SNR (∼1.3 dB higher). Moreover, this method can maintain spatial resolution well and locate precisely after denoising in comparison with the original signal. Due to the signal preserving, large SNR improvement and short processing time, this method is a promising tool for the distributed optical fiber sensing system, especially for the dynamic measurement system, which needs high SNR and rapid response.
